ABSTRACT The effects of nitrogen concentration on the reproduction and development of citrus mealybug, Planococcus citri, were studied on two colors of coleus, Solenostemon scutellarioides. Green and red-variegated coleus plants were supplied with varying applied nitrogen concentrations (0, 25, 50, 100, 200, and 400 ppm) for 32 d before being artiÞcially inoculated with citrus mealybugs. Female citrus mealybug life history parameters including eggs contained within the egg mass and respective body cavity, body length (mm), and developmental time (d) were measured. A modiÞed microKjeldahl digestion procedure followed by colormetric assay was conducted twice throughout the study to assess leaf nitrogen concentration. The results of this study show that the citrus mealybug life history parameters were inßuenced by the applied nitrogen concentrations (ppm), leaf nitrogen concentration (%), and total moisture content (g). Citrus mealybugs feeding on both green and red-variegated coleus, receiving the high nitrogen fertilizer concentrations (200 and 400 ppm) had the greatest egg loads, were larger in size, and had the shortest developmental times. Leaf nitrogen concentration also affected the citrus mealybug life history parameters with those mealybugs feeding on plants containing the highest leaf nitrogen contents having the greatest egg loads, larger in size, and the shortest developmental times. In addition, total plant moisture content impacted the citrus mealybug life history parameters similar to leaf nitrogen concentration. However, this was based on plant architecture whereas percent plant moisture content for both green-and red-variegated coleus was comparatively similar for all nitrogen concentrations. The life history parameters measured were more pronounced on green coleus compared with red-variegated coleus, perhaps because of nitrogen allocation differences between the two coleus colors. Thus, higher nitrogen concentrations, in the form of supplemental fertilizers used in greenhouse production systems, leads to an increase in the performance of citrus mealybugs as deÞned by increased egg loads, larger mature females, and shorter developmental times on coleus plants. These results indicate that the implementation of proper fertilizer practices may lessen the likelihood of dealing with extensive insect outbreaks, thus potentially reducing insecticide use.
MEALYBUGS ARE MAJOR ARTHROPOD pests in greenhouses and conservatories, feeding on a wide range of horticultural crops (McKenzie 1967, Kole and Hennekam 1990) . Mealybugs possess piercing-sucking mouthparts that remove plant ßuids and serious infestations can lead to premature leaf drop, reduced plant vigor, and the formation of honeydew, which is an excellent growing medium for black sooty mold fungi (Speare 1922 , Serrano et al. 2001 . Black sooty mold fungi are detrimental to plants because the dark fungal bodies cover leaves, thus limiting photosynthesis and inducing plant stress (Malais and Ravensberg 1992) . The primary management strategy in dealing with mealybug infestations has been the use of insecticides (Copeland et al. 1985) . However, mealybugs possess a waxy covering that protects them from insecticide sprays, so additional control methods are often times necessary (Copeland et al. 1985 , Walker 2000 . The reproductive ability of female citrus mealybugs, Planococcus citri (Risso) (Homoptera: Pseudococcidae), is temperature dependent with females laying Ͻ100 eggs at temperatures Ͼ30ЊC, and laying in excess of 400 eggs at 18ЊC (Copeland et al. 1985) . Because of their high reproductive potential, it is important to control citrus mealybug populations before they reach levels that are injurious to plants (McKenzie 1967) .
Proper use of fertilizers may be a way to avoid dealing with extensive mealybug populations, thus leading to fewer insecticide applications (Fennah 1959) . Regulation of fertilizer concentrations (primarily nitrogen) to avoid problems with plant-feeding insects such as citrus mealybug is consistent with integrated pest management (IPM) strategies (Holtzer et al. 1996) . This strategy can be used in conjunction with other pest management approaches such as scouting, spot treating, and the use of natural enemies including parasitoids and predators (Mills and Daane 2005) .
Increased plant nitrogen content has been shown to improve the overall survival of immature pink sugarcane mealybug, Saccharicoccus sacchari (Cockerell) (Homoptera: Pseudococcidae) in laboratory experiments with sugarcane, Saccharum officinarum L. (Rae and Jones 1992) . However, in Þeld studies, elevated nitrogen levels did not enhance S. sacchari populations. This may be caused by factors that were not taken into consideration such as predation pressure and climatic conditions. Laboratory studies showed excessive nitrogen concentrations in sugarcane resulted in larger S. sacchari females at the onset of oviposition (Rae and Jones 1992) .
In studies with other mealybug species, such as those with grape mealybug, Pseudococcus maritimus (Ehrhorn) (Homoptera: Pseudococcidae), larger females produce more eggs than smaller females (Grimes and Cone 1985) . In contrast, Lema and Mahungu (1983) discounted the affects of nitrogen fertilization treatments impacting either the development or the fecundity of cassava mealybug, Phenacoccus manihoti (Matile-Ferrero) (Homoptera: Pseudococcidae) in the Þeld. However, Fennah (1959) reported an increase in citrus mealybug, P. citri populations on cocoa, Theobroma cacao L., when production was augmented with nitrogen applications. There is relatively little information to address the complexities that arise from the fact that plant species and herbivores respond differently to fertilization, and the responses are usually dependent on the level of fertility, especially those associated with mealybugs feeding on horticultural crops.
Therefore, the purpose of this study was to determine whether increased nitrogen fertilizer concentrations (ppm) enhance certain citrus mealybug life history parameters such as reproduction, size, and development time under greenhouse conditions.
Materials and Methods
This study used a system consisting of citrus mealybug, P. citri, and different colors of coleus, Solenostemon scutellarioides L. Codd, to evaluate the effects of different nitrogen fertilizer concentrations on citrus mealybug reproduction and development.
Plant Procedures. Green and red-variegated coleus, S. scutellarioides, was used for the study because both are susceptible to citrus mealybug, and these are the two colors we maintain in our greenhouse facilities as stock plants to conduct insecticide efÞcacy trials. The red-variegated coleus was a variety called ÔRoseaÕ, which was obtained from Kliess Nursery (Tolono, IL), whereas the green coleus (cultivar unknown) was originally obtained from a greenhouse at Purdue University (West Lafayette, IN). Sixty coleus plants (30 plants of each color) were grown from cuttings taken from terminal shoots in an isolated greenhouse in the Plant Health Care Facility, University of Illinois, Urbana-Champaign, IL, on 27 February 2004. The green cuttings were Ϸ8 cm in height, whereas the red-variegated cuttings were Ϸ6 cm in height. Cuttings were rooted in 08 Ð 04 inserts in 10 by 20 ßats (T & O Plastics, Clearwater, MN) on a mist bench underneath 55% woven horticultural shade cloth (PAK Unlimited,Cornelia, GA) for 2 wk in the Turner Greenhouse Facility, University of Illinois, UrbanaChampaign, IL. The plants were moved on 12 March 2004 from the covered mist bench, to another bench covered with 55% woven horticultural shade cloth in a different greenhouse. This allowed the coleus cuttings to "harden off" and continue root development. Coleus plants were transferred on 23 March 2004 to an experimental greenhouse and placed on three raised wire-mesh benches. The temperature in the greenhouse was 24 Ϯ 2ЊC at day and 22 Ϯ 2ЊC at night. The greenhouse sidewalls were Þtted with a gray tarp shade cloth to prevent light from illuminating into the greenhouse from adjoining rooms within the facility. All coleus plants were transplanted into 200-mm plastic azalea pots (Kord Products, Toronto, Canada) containing Sunshine SB300 Universal growing medium (Sun Gro Horticulture Canada, Bellevue, WA). The growing medium was composed of composted pine bark, Canadian sphagnum peat moss, vermiculite, perlite, dolomitic limestone, gypsum, and a wetting agent. After transplanting, the terminal growing point of each plant was excised to ensure a standard height of 12 cm. All plants were grown under natural daylight conditions with no supplemental lighting. Plants were irrigated with reverse osmosis water for 12 d with no supplemental fertilizer to minimize transplant shock. All plants were subject to the Þrst fertilization treatment on 3 April 2004.
The fertilizer treatments consisted of varying concentrations (ppm nitrogen) of PeterÕs 20 Ð 8.3Ð 8.8 (N:P:K) fertilizer (Scotts-Sierra Horticultural Products, Marysville, OH) applied in a constant liquid feed program. According to the Ball Redbook (Hamrick 2003) , the general fertilization rates for mature coleus using a constant liquid feed program are 150 Ð200 ppm nitrogen. Therefore, the range of nitrogen concentrations used for this study consisted of low (0, 25, 50 ppm nitrogen), moderate to high (100 and 200 ppm nitrogen), and an extremely high concentration (400 ppm nitrogen). Flowers were removed from plants two to three times during the study. To avoid any confounding effects caused by moisture, all the coleus plants were subject to the same watering regimen, Ϸ0.5Ð 0.7 liters on an as needed basis.
The study was set up as a completely randomized design with 60 plants total. Coleus were grown for 32 d before being artiÞcially inoculated with Þrst-instar citrus mealybugs. This allowed the plants in the 0 ppm replicate to deplete nitrogen reserves, whereas the other plants acclimated to the new supplemental nitrogen concentrations (25, 50, 100, 200 , and 400 ppm). Thus, any differences in growth rates and other plant parameters could be attributed to the varying nitrogen concentrations.
Plant height (cm), number of branches, and number of leaves were measured six times throughout the study (10 and 17 April; 1, 8, and 15 May; and 20 June) . After collecting Ϸ20 citrus mealybugs from each plant (described below), the coleus plants were prepared for processing. The aboveground parts were processed by cutting the stem of each coleus plant at the soil-line and placing the plant material in a no. 20 brown paper bag (Commercial Bag and Supply, Des Moines, IA). The plant material was weighed (in grams) within 4 h of processing and dried in a gravimetric convection oven (Precision ScientiÞc Group, Chicago, IL) at 62 Ϯ 2ЊC. Plant material was reweighed after 5Ð 6 d in the gravimetric oven for dry matter content. Coleus moisture content was determined by subtracting the weight of the dry matter from the initial fresh weight.
Citrus Mealybug Parameters. Citrus mealybugs, P. citri, were obtained from a laboratory colony reared on butternut squash, Cucurbita maxima L., in a growth chamber located in the National Soybean Research Laboratory, University of Illinois, Urbana, IL. The chamber was maintained at 24 Ϯ 5ЊC, 50 Ð 60% RH, and a 24-h photoperiod.
On 5 May 2004, all coleus plants were inoculated with Ϸ75Ð100 Þrst-instar citrus mealybugs using a leaf disk transport procedure (Sadof et al. 2003) , which minimized handling of the immature mealybugs. Red coleus leaf disks (1.7 cm 2 ) were placed on top of the butternut squash for 20 min to inoculate the leaf disk with Ϸ25 Þrst-instar citrus mealybugs. Leaf disks containing mealybugs were placed on all of the coleus plants. Three to four leaf disks per coleus plant were placed on the terminal leaves of the main branches. Leaf disks remained on the coleus plants until they desiccated, which encouraged migration of the Þrst-instar citrus mealybugs onto the coleus plants.
Two weeks after inoculation, coleus plants were inspected daily for the presence of female mealybugs that were ovipositing. Oviposition was indicated by the presence of a white, cottony mass underneath the abdomen. When female mealybugs began the initial oviposition process, Ϸ20 females were collected along with the respective egg masses from each plant using a microspatula. The day each female was collected was recorded to determine developmental time from Þrst instar to ovipositing female. In the event that 20 ovipositing females could not be collected, the maximum number possible was collected. Each female was preserved in a 20-ml liquid scintillation glass vial (Research Products International, Mt. Prospect, IL) containing 15Ð20-ml of 70% isopropyl alcohol until the female was dissected to determine egg load. Additionally, body size (length in millimeters) of each ovipositing female was determined before dissection. Each mealybug was placed into a 9-mm diameter Pyrex petri dish with 70% isopropyl alcohol. The egg mass and body were torn apart using dissecting probes. The eggs contained within the respective egg mass and body cavity were counted with the aid of a dissecting microscope (SMZ1000 Zoom Stereomicroscope; Nikon, Torrance, CA).
Tissue Nitrogen Analysis. A Kjeldahl digestion procedure was performed twice during the course of the study to determine differences in leaf nitrogen concentration among the coleus plants and assess changes in nitrogen concentration within plants during the time mealybugs were feeding. The Þrst sample was obtained on 29 April 2004, 6 d before artiÞcially inoculating coleus plants with citrus mealybugs. The second sample was obtained on 16 June 2004, after female mealybugs had initiated egg laying. Samples were processed by removing four to Þve of the Þrst fully expanded leaves near the apical meristem from the main branches of each coleus plant. Samples were weighed, dried, and stored in no. 1/2 brown paper bags (Commercial Bag and Supply) at 25 Ϯ 2ЊC in a laboratory.
Nitrogen concentration within the leaf tissue was determined using a modiÞed micro-Kjeldahl digestion procedure followed by colorimetric assay, based on the methods of Nelson and Sommers (1973) and Cataldo et al. (1974) . All reagents were prepared with analytical grade chemicals. A micro-Kjeldahl digestion technique was used in conjunction with a 2.5% salicylic acid:H 2 SO 4 (wt:vol) predigestion treatment to facilitate reduction of tissue NO 3 Ϫ to NH 4 ϩ (Nelson and Sommers 1980) . First, coleus leaf samples were dried at 62 Ϯ 2ЊC for Ϸ48 h in a gravimetric convection oven (Precision ScientiÞc Group) until the samples reached a constant weight (in grams). A constant weight was determined after weighing samples twice or until no more moisture evaporated out of the tissues. For the predigestion to be successful using salicylic acid, samples had to be relatively free of moisture because water interferes with the nitration reaction. Leaf tissues were weighed, and a subsample was taken, weighed, and placed in a 50-ml Folin-Wu tube (Kimble Glass and Kontes Glass Co., Vineland, NJ) for predigestion using 6 ml of 2.5% salicylic acid: H 2 SO 4 (wt:vol) treatment for Ϸ16 h. Once the predigestion was complete, between 450 and 500 mg of sodium thiosulfate was added, followed by the addition of 800 Ð1,000 mg of a selenium (Se), cupric sulfate (CuSO 4 ), and potassium sulfate (K 2 SO 4 ) mixture, which was mixed at a ratio of 1:10:100 g of Se:CuSO 4 : K 2 SO 4 and blended together with a mortar and pestal. This created a catalyst used to oxidize NO 2 Ϫ to NO 3 Ϫ , and further to NH 4 ϩ . Each Folin-Wu tube was covered with a 30-mm Kimax glass funnel (Kimble Glass and Kontes Glass Co.) to limit H 2 SO 4 evaporation and loss and was placed in a heat block (Martin Machine, Ivesdale, IL) at 176 Ϯ 2ЊC for over 8 h until the digestion developed into a light aqua-blue or colorless solution. Each digestion was measured in triplicate.
Total nitrogen in the digestion was quantitatively recovered as ammonium-N by colorimetric analysis of an indolephenol-blue complex as described by Cataldo et al. (1974) . Deionized water was added to each of the samples contained within the Folin-Wu tubes for a total volume of 50 ml. After 5 s of agitation by hand, a 0.5-ml aliquot was transferred to another 50-ml Folin-Wu tube. Then, 1 ml of indicator solution (comprised of dissolving 25 g of ethylene diamine tetraacetic acid [EDTA] salt in Ϸ800 ml of deionized water, adjusting the pH to 10.0 with NaOH, and adding 20 ml of 0.25% methyl red solution in 60% ethyl alcoholÑfollowed by adding deionized water for a total volume of 1 liter) and 1 ml of buffer solution (comprised of mixing 136.1 g KH 2 PO 4 in 1 liter of deionized water) was added. An indicator dye (comprised of 40 g NaOH mixed and dissolved in Ϸ800 ml of deionized water and adding additional deionized water for a total volume of 1 liter) was added dropwise until the pink solution turned a dull yellow, which indicated a pH of Ϸ6.0. Then, 5 ml of a phenol solution [comprised of 10 g C 6 H 5 OH and 100 mg Na 2 Fe(CN) 5 NO ⅐ 2 H 2 O dissolved in 1 liter of deionized water] was added. This was followed by the addition of 5 ml of a Chlorox solution (comprised of adding and dissolving 10 g NaOH, 7.06 g Na 2 HPO 4 ⅐ 7 H 2 O, and 31.8 g Na 3 PO 4 ⅐ 12 H 2 O with 8.75 ml of 6% sodium hypochlorite [NaOCl] and adding enough deionized water to bring the total solution volume to 1 liter). Finally, the sample solution was brought to a volume of 50 ml by adding deionized water. The sample solution was capped with a no. 3 solid rubber stopper, agitated by hand for Ϸ5 s, and placed on a ßat surface to await color development. The development of a blue color was completed in Ϸ3 h.
Absorbance of the indolephenol-blue complex was measured at 625 nm using a UV-visible recording spectrophotometer (model UV-160; Shimadzu, Kyoto, Japan) to assess color absorption. This resulted in an absorbance reading (ppm) so that the nitrogen concentration of the sample could be determined using a standard curve (Cataldo et al. 1974, Nelson and Sommers 1980) . Data Analysis. The effects of fertilizer treatment (ppm nitrogen) on mealybug egg load, mealybug size (mm), mealybug development time (d), total plant moisture content (g), percent plant moisture content, and leaf nitrogen concentration (%) were analyzed using a SAS Statistical Software Program, SAS Systems for Windows, version 9.1. Data for all portions of the study were subject to analysis of variance (ANOVA; SAS Institute 2002) with nitrogen fertilizer concentration as the main effect. SigniÞcant treatment means were separated using a FisherÕs protected least significant difference (LSD) test at P Յ 0.05. Regression analyses using PROC REG procedures (SAS Institute 2002) were conducted to analyze the effects of the total moisture content of coleus on the citrus mealybug life history parameters (egg load, size, and development time). A regression analysis using PROC REG procedures (SAS Institute 2002) was also conducted to examine the effects of the Þnal micro-Kjeldahl digestion analysis for coleus leaf nitrogen concentration (%) on the citrus mealybug life history parameters.
The effects of fertilizer treatment (ppm nitrogen) on plant height, branch number, and leaf number were analyzed for each evaluation period (n ϭ 6) using an ANOVA with nitrogen concentration and coleus color as the main effects. SigniÞcant treatment means were separated using a FisherÕs protected LSD test at P Յ 0.05.
Results
Citrus mealybug life history parameters were signiÞcantly affected by the varying fertilizer treatments. Fertilizer treatments (ppm nitrogen) signiÞcantly inßuenced female citrus mealybug egg load on both green (F ϭ 4.12; df ϭ 5,546; P Ͻ 0.0001) and redvariegated coleus (F ϭ 5.71; df ϭ 5,577; P Ͻ 0.0001). Mealybug egg load was signiÞcantly higher on plants treated with 200 and 400 ppm nitrogen for both green (Table 1) and red-variegated coleus (Table 2) than those plants treated with Յ100 ppm nitrogen. The mean citrus mealybug egg load on green coleus was considerably higher than red-variegated coleus for all applied nitrogen concentrations (Tables 1 and 2) .
Citrus mealybug size (mm) on green coleus was not signiÞcantly affected by the varying fertilizer treatments (F ϭ 1.30; df ϭ 5,545; P ϭ 0.13), although there was a nonsigniÞcant trend (Table 1 ). In contrast, there was a signiÞcant difference in size on red-variegated coleus, because of varying fertilizer treatments (F ϭ 1.96; df ϭ 5,577; P ϭ 0.002), with citrus mealybugs feeding on plants receiving nitrogen concentrations Ն100 ppm generally larger in size than those feeding on plants receiving Յ50 ppm nitrogen (Table 2) . Citrus mealybug development time was signiÞ-cantly affected by fertilizer treatment for green (F ϭ 9.14; df ϭ 5,546; P Ͻ 0.0001) and red-variegated coleus (F ϭ 17.98; df ϭ 5,577; P Ͻ 0.0001), with mealybugs feeding on green and red-variegated coleus plants receiving nitrogen concentrations of 100, 200, and 400 ppm having shorter development times (Tables 1 and 2 ).
Based on the regression analysis, mealybug egg load and size were positively correlated with total plant moisture content (g) for both green (F ϭ 77.74; df ϭ 1,29; P Ͻ 0.0001) and red-variegated coleus (F ϭ 49.73; df ϭ 1,29; P Ͻ 0.0001; Table 3 ). Mealybug development time was negatively correlated with total plant moisture content (g) for green (F ϭ 22.21; df ϭ 1,29; P Ͻ 0.0001) and red-variegated coleus (F ϭ 26.13; df ϭ 1,29; P Ͻ 0.0001; Table 3) .
Leaf nitrogen concentration, as determined in the micro-Kjeldahl procedures, was signiÞcant for mealybug egg load on green and red-variegated coleus (Table 4) . Red-variegated coleus leaf nitrogen concentration (%) had a signiÞcant effect on citrus mealybug size, whereas there was no signiÞcant difference in mealybug size on green coleus (Table 4) . Mealybug development time was negatively correlated with leaf nitrogen concentration (%) for both green and redvariegated coleus (Table 4) .
Readings for the micro-Kjeldahl digestion procedures on green coleus were generally lower than that of red-variegated coleus (Table 5) . Additionally, readings for leaf nitrogen concentration (% leaf nitrogen based on dry mass) in the second micro-Kjeldahl digestion procedure were typically lower than the Þrst micro-Kjeldahl digestion procedure. For both green and red-variegated coleus, plants treated with 200 and 400 ppm were higher in nitrogen concentration than plants treated with Յ100 ppm nitrogen (Table 5) . Plants treated with the higher nitrogen concentrations (200 and 400 ppm) had signiÞcantly greater total plant moisture contents compared with plants treated with Յ100 ppm nitrogen (Table 5) ; however, there were no signiÞcant differences for green coleus in percent moisture content, and only those red-variegated plants receiving 0 and 400 ppm nitrogen had signiÞ-cantly different percent moisture contents (Table 5) .
Green and red-variegated coleus height (cm), branch number, and leaf number were all affected by the fertilizer treatments. For height, there were no signiÞcant differences in green and red-variegated coleus associated with the Þrst two evaluation dates (Table 6) ; however, differences in green and redvariegated coleus height were evident in the last four evaluation dates because plants treated with 200 and 400 ppm nitrogen were generally taller than plants treated with Յ100 ppm nitrogen (Table 6) .
For branch number, there were no signiÞcant differences for green and red-variegated coleus on the Þrst evaluation date (Table 7) . However, there were signiÞcant differences in the remaining evaluation dates for both green and red-variegated coleus with plants treated with 200 and 400 ppm nitrogen having generally more branches than those plants treated Յ100 ppm nitrogen (Table 7) .
For leaf number, there were no signiÞcant differences in green and red-variegated coleus associated with the Þrst evaluation date (Table 8) . However, leaf number was signiÞcant in the remaining Þve evaluation dates because those plants treated with 200 and 400 ppm nitrogen had signiÞcantly more (Table 8) .
Discussion
The fertilizer treatments had a signiÞcant impact on all the citrus mealybug life history parameters measured. Higher fertilizer concentrations (based on ppm nitrogen) resulted in greater egg loads and shorter developmental times on both colors of coleus (Tables  1 and 2 ). The greater egg loads and shorter development times of citrus mealybugs on coleus receiving the high fertilizer treatments (200 and 400 ppm nitrogen) may be a result of the mealybugs being exposed to elevated levels of nitrogenous compounds during feeding (Mattson and Scriber 1987 , Herms 1989 , White 1993 . It is possible that mealybugs feeding on the enriched phloem sap during the early-instar stages led to females having a higher reproductive capacity and reaching reproductive maturity quicker (White 1993) .
The principle nitrogenous compounds in phloem sap are amino acids (Srivastava 1987) . In coleus, the major amino acids are alanine, glycine, valine, and threonine (Sadof et al. 2003) . Sadof et al. (2003) discovered a wide variation in amino acid composition between green and variegated coleus (red and yellow). Mealybugs may selectively absorb different required nitrogenous compounds from the phloem, which may be reßected in changes in the proportions of nitrogenous compounds in the phloem sap and honeydew excretions (Adomako 1972) . However, the essential nutrients required to support large egg loads may not have been available to mealybugs feeding on coleus plants receiving the low fertilizer treatments (0, 25, and 50 ppm nitrogen). Marschner (1995) suggested that making broad generalizations between nitrogen fertilizer applications and plant susceptibility to phytophagous insects may be problematic because of factors not considered such as other nutrient deÞciencies (potassium or zinc), the presence of secondary metabolites or feeding deterrents, and environmental conditions that may be affecting host plant health. The fact that the highest leaf nitrogen concentration did not result in enhanced mealybug performance for both coleus colors suggests that alternative or a combination of factors may be responsible for host plant suitability including allocation of resources either for growth or defense and different ratios of amino acids. However, we did not measure these factors in our study.
Our results with citrus mealybug are similar to Þnd-ings obtained from other studies dealing with phloemfeeding insects exposed to high nitrogen concentrations including sweetpotato whiteßy, Bemisia tabaci (Gennadius) (Homoptera: Aleyrodidae) (Bentz et al. 1995), greenhouse whiteßy, Trialeurodes vaporariorum (Westwood) (Homoptera: Aleyrodidae) (Jauset et al. 1998 (Jauset et al. , 2000 , melon aphid, Aphis gossypii (Glover) (Homoptera: Aphididae) (Cisneros and Godfrey 2001 , Nevo and Coll 2001 , Davies et al. 2004 , and the green peach aphid, Myzus persicae (Sulzer) (Homoptera: Aphididae) (Jansson and Smilowitz 1986). As we have hypothesized, these studies attributed increased fecundity on plants treated with high nitrogen concentrations to an enhanced nutritional value of the host plants. For example, Bentz et al. (1995) indicated nutritional limitations may have negatively affected sweetpotato whiteßy nymphs that hatched from eggs laid on nonfertilized plants. Jauset et al. (2000) found that greenhouse whiteßy fecundity and size increased with accretive levels of nitrogen concentration. The high nitrogen content resulted in increased host quality, which improved whiteßy performance.
Mature female mealybug size increased numerically with increasing leaf nitrogen concentration based on the regression analysis. Because of the genetic limitations in overall mealybug size, this correlation was not strong (Table 4) ; however, mealybug size may inßuence the number of eggs that a female will produce (Grimes and Cone 1985) . In our study, the development time, from Þrst instar to egg-laying female, was negatively correlated with increasing leaf nitrogen concentration for both green and red-variegated coleus (Tables 1 and 2 ). Malais and Ravensberg (1992) suggested that nitrogen content in host plants greatly inßuences mealybug populations; however, there is little evidence in the scientiÞc literature to support this claim. Thus, the results of our study seem to substantiate the statements made by Malais and Ravensberg (1992) and the hypothesis related to the interactions of elevated levels of mobile nutrients and insect pests as proposed by White (1993) . Not all nitrogenous compounds contained within plant tissues are completely accessible for mealybug nutritional use (McNeill and Southwood 1978) . Therefore, total nitrogen concentration may not be an adequate measurement to assess the levels of nitrogenous compounds that mealybugs are exposed to while feeding, without testing for speciÞc amino acids (McNeill and Southwood 1978) . Although we did not test for amino acids, studies have suggested that amino acids may affect certain life history parameters of mealybugs. For example, Sadof et al. (2003) described three amino acids (phenylalanine, tryptophan, and tyrosine) as precursors for defensive compounds in the shikimic acid pathway and found they negatively affect citrus mealybug fecundity and extend the developmental time when present in coleus phloem sap. Phenylalanine, tryptophan, and tyrosine may be precursors of defensive compounds in coleus (Hopkins and Hü ner 2004) ; however, they may also be essential for citrus mealybug development as well (Gothilf and Beck 1966) . Sadof et al. (2003) identiÞed relative concentrations of individual amino acids in stem exudates from green and red-variegated coleus and found green coleus produces higher amounts of amino acids in the shikimic acid pathways, mainly phenylalanine, tryptophan, and tyrosine, than red-variegated coleus. This suggests that red-variegated coleus may be unable to produce similar amounts of defensive compounds as green coleus because of the limited production of photosynthates. For example, red-variegated coleus has a lower net photosynthetic rate than green coleus (Yang and Sadof 1995) .
In our study, we found that citrus mealybug females produced fewer eggs and had longer development times on red-variegated coleus compared with green coleus treated with similar fertilizer treatments (100 ppm nitrogen). These results are in contrast to both Yang and Sadof (1995) and Sadof et al. (2003) , in which mealybug females had accelerated development rates and higher fecundities on red-variegated than green coleus. The reason for this discrepancy may be that Sadof et al. (2003) used coleus plants that were 2 wk old (postcutting development) before they were infested with citrus mealybugs and 76 d old when cuttings were taken for amino acid extraction. Additionally, all the coleus plants in the study were fertilized with 100 ppm nitrogen, a relatively conservative fertilization rate for coleus (Hamrick 2003) . The coleus plants in our study were grown for 58 d at various nitrogen concentrations before artiÞcial inoculation with citrus mealybugs. It is possible that the age of the plants used in our study resulted in red-variegated coleus producing higher amounts of shikimic acid pathway precursors, thus reaching levels similar to or equivalent to the green coleus. Moreover, the chemical composition of the leaves and plants change as they mature. Perhaps with age, red-variegated coleus become less of a suitable host for citrus mealybugs because of changes in the composition of the phloem sap (Scriber 1984 , Mattson and Scriber 1987 , White 1993 .
There may also be differences in nitrogen allocation between green and red-variegated coleus, because variegated plants do not produce the same levels of photosynthates as green plants (Rouhani and KhoshKhui 1977 , Lee 1986 , Sadof and Raupp 1991 . Any differences in nitrogen allocation may be shown by comparing the two coleus colors receiving similar fertilizer treatments and observing the differences in the mealybug life history parameters. It is possible that green coleus may be allocating absorbed nitrogen toward the production of plant biomass, and leaves and ßowers that are responsible for the production of nitrogenous compounds such as proteins, nucleic acids, enzymes, reducing agents, and components of chlorophyll, whereas red-variegated coleus may be allocating resources differently because they have a lower chlorophyll content compared with green coleus (Rouhani and Khosh-Khui 1977, Sadof and Raupp 1991) . This concept of differential nitrogen allocation is supported by Yang and Sadof (1995) in that green coleus tend to have much higher rates of photosynthesis than red-variegated coleus, indicating that redvariegated coleus plants may allocate more photosynthates toward the production of new leaves and branches compared with green coleus. It is possible that nutrients such as amino acids are more readily mobilized to support new growth, increasing the availability of food for citrus mealybugs (Yang and Sadof 1995) .
Total plant moisture content, which is related to plant architecture, signiÞcantly affected the life history parameters of citrus mealybug. Mattson (1980) suggested that plant moisture content and nitrogen use efÞciency are directly correlated and that changes in moisture availability can lead to quantitative and qualitative modiÞcations of nitrogen-based defensive compounds within the plant. Perhaps, increased moisture content within plant tissues enhances the movement of phloem sap, resulting in higher amounts of nutrients and photosynthates available to citrus mealybug during feeding. Well-fertilized plants grow rapidly and have a greater plant architecture based on the number of branches, leaves, and total leaf surface area resulting in higher water contents (Jauset et al. 1998) , which may increase susceptibility to phloem-feeding insects. In our study, we found that plants receiving higher concentrations of nitrogen had a more complex plant architecture based on height, branch number, and leaf number (Tables 6 Ð 8 ). For example, green coleus fertilized with 400 ppm nitrogen required support for the stems and branches because of excess elongation between the internodes, which led to potential breakage. In fact, 84% of the branches broke on green coleus receiving 400 ppm nitrogen. This type of plant response indicates exposure to high nitrogen concentrations, which is similar to wheat, Triticum aestivum L., when exposed to excessive nitrogen fertilizers (Marschner 1995) . Red-variegated coleus responded similarly to the high fertilizer treatments as the green coleus with 35% of the branches breaking on plants receiving 400 ppm nitrogen. However, the redvariegated coleus had a shorter and sturdier plant architecture, which resulted in fewer problems with stem breakage compared with green coleus.
It was essential to grow the coleus plants at the selected nitrogen fertilizer concentrations for 32 d before artiÞcially inoculating with citrus mealybugs to deplete any nitrogen reserves. This also made it possible to determine differences in nitrogen concentration among the treatments and relate these differences to the citrus mealybug life history parameters measured. Tissue sampling and micro-Kjeldahl digestions were performed before inoculating coleus plants with citrus mealybugs and after the mealybugs had been collected. This allowed us to observe changes in overall nitrogen concentration in the coleus plants as experienced by the developing mealybugs. This important procedure has been overlooked in many studies attempting to correlate nutrition, particularly nitrogen, to the life history parameters of phloem-feeding insect pests (Dowell and Steinberg 1990 , Rae and Jones 1992 , Bethke et al. 1998 , Jauset et al. 1998 , Nevo and Coll 2001 , Davies et al. 2004 . Based on the design of the study and the micro-Kjeldahl digestion procedures, it was possible to monitor the initial and Þnal nitrogen concentrations within the coleus plants throughout the study. Overall, we noticed a decrease in the micro-Kjeldahl digestion readings as the plants aged. This may be attributed to the coleus plants attempting to ßower, which suggests that more resources are being allocated into reproduction instead of growth.
The red-variegated coleus had higher leaf nitrogen concentrations compared with the green coleus, despite receiving similar fertilizer treatments (Table 5) . Red-variegated coleus fertilized with 400 ppm nitrogen had the highest leaf nitrogen concentrations based on the micro-Kjeldahl procedures; however, this did not result in citrus mealybugs having a higher egg load, larger mature females, and shorter development times from egg to reproductively mature adult compared with green coleus receiving the same nitrogen concentration (Tables 1 and 2 ). Again, this may be caused by differences in resource allocation between the green and red-variegated coleus. However, it is conceivable that factors such as total moisture content and amino acid ratio may have had a more substantial inßuence. In our study, total plant moisture content had a signiÞcant impact on the citrus mealybug life history parameters, whereas percent plant moisture content was similar for both green and red-variegated coleus ( Table 5 ), indicating that total plant moisture content, although possibly a contributing factor, may have had less of an impact on the citrus mealybug life history parameters than leaf nitrogen concentration. The differences observed between total plant moisture content and percent plant moisture content are likely caused by plant architecture and the production of succulent growth.
In conclusion, higher nitrogen concentrations, in the form of supplemental fertilizers used in greenhouse production systems, results in enhanced performance of citrus mealybugs based on increased egg loads, larger mature females, and shorter development times on coleus plants. The results from this study show that proper fertilizer practices may help greenhouse producers avoid dealing with extensive insect outbreaks, including citrus mealybugs, thus possibly reducing insecticide use, minimizing ground water contamination, and reducing worker exposure to spray residues. Proper fertility management may also be useful in enhancing control of insects with insecticides. For example, in cotton (Gossypium spp), aphids feeding on plants with high concentrations of nitrogen were less susceptible to insecticides than aphids feeding on plants containing low nitrogen concentrations (Cisneros and Godfrey 1998) . Although it is important that greenhouse producers apply enough fertilizer to produce a marketable crop, further research may be needed to evaluate the minimal amounts of nitrogen required by horticultural plants. These types of studies are being conducted to assess nitrogen requirements in agronomic crops such as cotton (Hutmacher et al. 1998 ). As such, fertility man-agement is a critical component of an IPM strategy that can reduce the potential of having to deal with plant-feeding arthropods.
